(3) As (2) above, but E-mail: p.a.watson@bath.ac.uk ABSTRACT A method for deriving attenuation time-series on fixed satellite or terrestrial links is described. The method uses meteorological forecast and radar data and permits time coincident derivations for multiple sites that include the inherent spatial correlation properties. The paper describes the approach adopted in the technique and presents preliminary results for two sites in the UK. The time-series and spectra generated by the simulator show promising similarity with those measured on an Earth-space link for the same period. The technique has application in performance simulation for satellite to earth links and has longer-term significance in terms of real-time operational use.
INTRODUCTION
Future delivery of broadband Internet and multimedia services over satellite and terrestrial links will almost undoubtedly require the exploitation of the EHF band. At EHF frequencies although rain is still the dominant cause of deep fades, gaseous and cloud attenuation can be significant. For high availability systems, it is no longer sufficient to solely design systems with fixed link margins based on statistics of attenuation exceedance. The required link margin would be simply too high, leading to implementations that are impractical or inefficient. As a consequence of this spectrum efficiency would suffer due to problems of interference and frequency re-use. Dynamic fade mitigation techniques (such as diversity and power control) must inevitably be used if the EHF band is to be exploited efficiently.
The ability to derive or predict time-series of attenuation in the 10 to 50 GHz range is of current interest in simulating the performance of multi-media satellite-to-earth links. Analysis using long-term (monthly or longer) statistical properties leading to conventional link budgets may be starting point but is not sufficient to examine the performance of the large variety of fade mitigation techniques that are applicable to such systems, including power control, spacediversity and time-diversity. On-board processing techniques including regeneration, resource sharing, switching and ground station control must also be considered. In the longer term, the ability to forecast link availability from meteorological forecast data opens up the possibility of real-time control of operational systems. This has the potential to improve resource and spectrum management.
APPROACH
Our approach uses a combination of data from numerical weather prediction (NWP) forecast models and weather radars. The success of the technique depends upon insertion of the short interval temporal properties (varying typically over 1 second to 15 minutes) that are statistically independent between stations. This gives the possibility of generating maps of attenuation with a spatial resolution of a few km, and with a temporal resolution of a few seconds. In this study we use only historical NWP data. With the foreseen improvements in NWP models, the time and duration of link outages could be forecast such that resources could be re-allocated in order to optimise efficiency.
Here we describe the approach adopted in the technique and present preliminary results for multiple sites in a region of the UK. The time-series and spectra generated by the simulator will be shown to have promising similarity with those measured on an Earth-space link for the same period of time. The key objective here is to create a representative fading environment for periods of ~1 hour to 6 hours with a fine scale structure that will be useful to test the dynamic control systems associated with fade mitigation techniques. An alternative approach is to use an entirely synthetic event driven simulator e.g. [1] . However, difficulties arise in the inclusion of spatial correlation properties. Furthermore such a simulator could not be extended into real-time control.
The approach adopted here is founded upon three underlying assumptions:
(1) The short-term (15 minute or less) correlation of fading between fixed radio links is statistically independent.
(2) The intermediate-term (15 minutes to a few days) correlation of fading is described by the movement of weather systems as observed on meteorological radars (15 minutes to a few hours) or by mesoscale weather forecasting techniques (hours to a few days). (3) The long-term spectral and statistical properties of fading during aggregated events are stationary.
Assumption (1) covers short-term scintillation fading which is essentially determined on a local scale (typically a few metres). This assumption also covers the fine scale structure of rain that leads to independent fading over a few kilometres. Within assumption (2) we take account of the larger scale background effects that apply to rainy conditions, including the occurrence of cloud and water vapour both of which lead directly to loss of signal but also to enhanced scintillation intensity. Assumption (3) is not essential but has been taken for expedience in this initial work. If the technique that we describe were to be used over a long period of time then stationarity could be the subject of continuous evaluation.
On-average spectral and statistical properties of EHF fading
We have applied to two key constraints in the generation of the time-series. One is the reproduction of the correct onaverage spectral properties and the other being the reproduction of the correct long-term statistics.
The power spectrum of EHF fading caused by the effects of rain, cloud, water vapour and scintillations typically shows three spectral regimes [2] . The lower part of the spectrum (f < f L ) rolls-off at -20 dB/decade during rain or remains stationary in clear air. Above f L the spectrum represents scintillation caused by atmospheric turbulence along the path. Between (f L < f < f C ) the spectrum depends on how the turbulence was created and has no describing formula (it is usually seen to be flat). Followed by a region (f > f C ) that rolls-off at -80/3 dB/decade predicted by turbulence theory. The spectrum up to the radar sampling frequency f 1 , is determined from the physical evolution of rain over time. Theoretically, the corner frequency of turbulence f C , can be related to the transverse wind velocity v n (m/s) given by the NWP data. However for simplicity both f L and f C have been taken from beacon observations and correspond to 0.07 and 0.3 Hz respectively.
The long-term cumulative statistics of SHF and EHF fading (dominated by rain) are well described by a distribution of the log-normal form. This observation, in keeping with the modelling of attenuation by rain as a multiplicative process, defines the type of long-term target distribution for our time-series generator. The moments of the distribution will depend upon the climate and location of each site. Since the time-series is predicted from measured and modelled physical data it is expected that the long-term cumulative distribution of its output will be in good agreement with those derived from measurements.
Meteorological input data
The UK Met. Office Unified Model (UM) is a numerical weather prediction model that can be run with a choice of temporal and spatial resolutions. At present we have used hourly outputs but, in the longer term, higher resolution outputs should be practical. The current meso-scale model covers the UK and northern France with a horizontal grid length of the order of 11km, but ongoing improvements in modelling and data inputs should improve this further. In the vertical, diagnostic outputs occur on 38 terrain-modified pressure levels. In the model presented here, we have used the UM for the background fading effects (water vapour losses, cloud losses and scintillation intensity). For rain, at present we resort to using radar data, which has higher spatial and temporal resolution that the current UM.
The UK and Irish weather radar network has been developed over the last 30 years and currently consists of 15 C-band (5.65GHz) radars. The network produces a composite image consisting of a 5km resolution 256x256 grid of surface rainfall rate estimates covering the whole of the UK and the Republic of Ireland. Although by no means perfect, the precipitation estimates from the radar network are considered to be better than those obtainable from the UM, particularly for convective rain events.
GENERATION OF ATTENUATION TIME-SERIES
In order to estimate the cloud attenuation, the cloud liquid water content is determined from UM upper-air outputs using the approach of Salonen and Uppala [3] . The presence of cloud is detected using a critical humidity function, with the cloud base and top determined through linear interpolation. Subsequently, the liquid water content (g/m 3 ) is calculated as a function of temperature and height from the cloud base. Salonen has already applied this method to a numerical weather prediction model for an on average statistical predication of liquid water content. Finally the slant path cloud attenuation can be predicted from the work of Liebe et al. [4] as now also embodied in ITU-R P840-3. This combined approach has been shown to give good predictions by Davies et al. [5] .
For scintillations we take the UM upper-air outputs and use these to define the hourly scintillation intensity (σ 2 ), modulating a Gaussian noise generator with spectral roll-off of -8/3. From the theory of wave propagation through a turbulent medium, σ 2 is related to the measured refractive index structure parameter (C n 2 ). This is, in turn, dependent upon the refractive index gradient, which can be readily calculated from vertical profiles of pressure, temperature, humidity and wind velocity. Following the method of Warnock et al. [6] , the structure parameter is calculated for horizontal slabs whose thickness defines the resolution turbulence scale.
The duration and intensity of rain events for any location are determined from radar observations. Here an approach able to deal separately with the occurrence of widespread and showery rains is most appropriate [7, 8] showing good results when compared to Italsat and Olympus data [9] . Alternatively ITU-R P838 could be used, but does not distinguish between showery and widespread rain. Higher frequency fluctuations in the rain attenuation time-series are added using a filtered Gaussian noise generator with a -20 dB/decade spectral roll-off. The non-stationary nature of real events, in particular the build up and fall off periods, are represented by modulating the high frequency fluctuations with the local intensity of the underlying shape.
Combining all of these components, we are thus able to represent the lower frequency (> 0.0011 Hz) background loss variations from cloud, gases and rain with the smaller scale rain intensity fluctuations (0.0011 to 0.7 Hz) and also the finer scale scintillations relating to rain, gases and clouds (> 0.3 Hz).
EXAMPLE RESULTS AND VALIDATION OF THE TIME-SERIES GENERATOR
We are now able to place satellite earth terminals at arbitrary locations in the UK and generate time series of attenuation that retain the temporal and spatial characteristics evident in real weather systems. Fig. 1 and Fig. 2 show two simulated attenuation time-series at 49.5 GHz generated for two locations in the UK for 8 th August 1999. The potential of the technique as a tool for the simulation of the performance of a network of stations is clear. Given the original constraints of the simulator, one obvious method of validation is to verify that the power spectrum of the generated time-series is consistent with that of our idealised power spectrum. The power spectrum of the generated time-series from Sparsholt data of the same period is shown in Fig. 3 . A further attempt to validate the time-series simulator has been made using real satellite beacon data. Fig. 4 shows the generated attenuation time-series for Sparsholt and also that directly obtained from an Italsat beacon receiver sited at Sparsholt. Note that although the timeseries and simulated data are encouragingly similar, we should not expect to see 100% correlation, especially in the fine scale structure. Note also that the 30 dB fade caused loss of lock in the beacon receiver. A more detailed validation process must of course compare the long-term cumulative distributions of simulated and measured time-series. data and simulated time-series at Sparsholt
CONCLUSIONS
We have described a new approach to the realisation of an attenuation time-series generator and demonstrated its potential for representing both the spatial and temporal properties of fading on EHF links. The simulator has immediate application to performance evaluation for EHF links that include fade-mitigation techniques, and the approach has longer term potential in terms of the operational management of links.
